Introduction

57
Based on climate model projections, precipitation extremes will increase in warm 58 climates. According to the fifth assessment report of the United Nations Intergovernmental
59
Panel on Climate Change (IPCC AR5), "extreme precipitation events over most of the 60 mid-latitude land masses and over wet tropical regions will very likely become more intense 61 and more frequent by the end of this century, as the global mean surface temperature 62 increases" (IPCC, 2013) . This indicates that the intensity of extreme precipitation, such as 63 the annual daily maximum precipitation, tends to increase more significantly compared with 64 a kind of average precipitation, such as the annual total precipitation and the monthly total 65 precipitation.
66
An extreme precipitation event is often associated with a tropical cyclone (e.g., Nakano et 
99
Temperature anomalies in upper troposphere have also been used to identify tropical 100 cyclones in gridded datasets. This is based on the warm core structure of tropical cyclones.
101
On a practical level, in many schemes, temperature anomalies in upper troposphere near 102 the vortex center need to be larger than a certain threshold. For example, a criterion 103 adopted in Sugi et al. (2002) was that temperature differences from a surrounding area 104 averaged at four pressure levels (i.e., 850, 700, 500, and 300 hPa) was greater than 3 K.
105
Oouchi et al. (2006) and Murakami and Sugi (2010) also used this criterion, but at only 106 three levels (i.e., 700, 500, and 300 hPa); the threshold values were 2 and 1 K, respectively.
107
As for RCM datasets, one of criteria for identifying tropical cyclones used by Au-Yeung and 108 Chan (2012) was that a temperature anomaly at 300 hPa must be 1 K greater than the 109 mean temperature within a 15 degrees radius from the vortex center. Huang performance for their study of extreme wave climates generated by tropical cyclones.
149
Finally, it is preferable to propose a physically based scheme. The scheme developed in 150 this study is based on the tropical cyclone structure. In particular, the radial gradient and 151 tangential asymmetry were used to extract the tropical cyclones from all the detected 152 vortices. This procedure is similar to a cyclone phase space proposed by Hart (2003) . This 
155
In order to solve these issues, we have proposed a new scheme for detecting tropical 1) The local minimum sea level pressure (MSLP) is lower than a certain threshold. In this 217 study, the threshold value was set to 1000 hPa. This local minimum is defined as the vortex 218 center.
219
2) The maximum surface wind speed, within a square area whose center corresponds to 220 the vortex center, is greater than 17 m s -1 . A square 200 km on a side was set in this study.
221
The maximum surface wind speed can be realistically represented in NHRCM because of 222 its higher resolution. 5) The consecutive period during which the three criteria above (i.e., the items 1, 2, 3 and 4) 232 are satisfied is longer than or equal to a certain threshold. The threshold was set 12 h in this 233 study. 
Tropical cyclone extraction from the detected vortices 236
Next, the tropical cyclones were extracted from the detected vortices in the RCM results.
237
The criterion for the extraction was based on the layer thickness between the middle and 238 upper troposphere; 500 and 300 hPa were set in this study (hereafter referred to as D). In 
The 20-km grid dataset forced by reanalysis data 263
First, the vortex detection performance was examined. Examples for fall and winter are 264 displayed in Fig. 1 . In fall (Fig. 1a) , there were two tropical cyclones around Japan; Typhoon
265
Shanshan (2006) and typhoon Yagi (2006) . Generally, Shanshan and Yagi were located 266 west and east of Japan, respectively.
267
Both the Shanshan and Yagi tracks were captured in the 20-km grid model data (Fig. 1a) . 
301
The results demonstrate that the simulated tropical cyclones were proficiently detected,
302
considering that there were none missed and only one false alarm. This falsely alarmed 303 system was located a subtropical area and did not have a surface front, thereby leading to 304 the judgment that the system was in the tropical cyclone category. between G and A seemed to hold true for this dataset (Fig. 3a) . The plotted points could be 310 classified into two categories. In the first category, the magnitude of G (generally negative)
311
was relatively large and A was near zero. In contrast, in the second category, the 312 magnitude of G was near zero and A was relatively large. The first and second category cyclone. The range of G was wider than in the reanalysis forced RCM data (Fig. 2) . The 317 maximum magnitude of G almost reached 2.5 × 10 6 m m -1 in Fig. 3a , whereas it was below 318 1.5 × 10 6 m m -1 in Fig. 2 . This is probably due to a difference in period data cover that was 319 20 years in Fig. 3a , and 1 year in Fig. 2 . An intensified tropical cyclone that has a large 320 magnitude of G can be simulated in a long-term climate experiment, such as in Fig. 3a . 
The 5-km grid dataset forced by the AGCM20
323
Similar to the 20-km grid datasets, tropical cyclones were detectable in the 5-km grid 324 RCM dataset, whose boundary conditions were the AGCM20 results, by using the criteria 325 described above. The relationship between G and A seemed to also hold true for this 326 dataset (Fig. 3b) . Similarly, there were two categories identified as shown in Fig. 3b The A index was less dependent on the horizontal resolution compared to the G index.
331
The range of A in the 5-km grid dataset (Fig. 3b) was similar to the 20-km grid dataset (Fig.   332   3a) . The maxima of A for both were below 3.0 × 10 6 m m -1 (Figs. 3a, b) . In contrast, the 
Comparison with Hart (2003)
352
The relationship between the radial gradient and the outer asymmetry of mid-to upper- (Fig. 4b) . These results can decrease the skill the model for 
386
The relatively low skill in detecting tropical cyclones using only the surface data is 
A case using the gradient over the outer radii
395
The resolution dependence of the detection method can be improved by substituting 396 radial gradients over the outer radii for those data points near the vortex center. The range 397 of the magnitude of G varies with the horizontal resolution as described above (Figs. 3a, b) .
398
This dependence on resolution can be reduced when the thickness at the outer radii is conducted. In this test, the vortex center at an upper level was independently determined.
418
Specifically, the vortex center at 500 hPa was defined as the local minimum of the 419 geopotential height, where the horizontal distance between this minimum and the original 420 were nearest within a square area. A square 100 km on a side area was set in this study.
421
Using the vortex center at 500 hPa, the thickness between 500 -300 hPa was calculated.
422
When there was no local minimum of the geopotential height at 500 hPa, a no tilt 423 assumption was made.
424
The tropical cyclone detection methods in this study were essentially unaffected by the 
437
A distance between two clusters is defined as the mean distance between all pairs of data 438 in the two clusters (called the 'average linkage').
439
The cluster analysis suggested that the scheme proposed in this study is skillful enough respectively, but use the cluster analysis instead of the presented detection method.
442
Comparing Fig. 7a to Fig. 2 reveals that a group of data in Fig. 7a (open circles) 
443
corresponds to the category of tropical cyclones found in Fig. 2 (open circles) and the other 444 group in Fig. 7a (filled diamonds) corresponds to the extratropical cyclones found in Fig. 2 
445
(filled diamonds). More specifically, the threshold line in Fig. 2 can also be applied in Fig. 7a . The performance of the tropical cyclone detection scheme was evaluated using three climate dataset but at a higher resolution.
480
Evaluation of the three datasets demonstrated that the scheme proposed in this study and less tangential asymmetry in terms of layer thickness between 500 and 300 hPa. In 486 contrast, in the latter data group, the gradient is relatively low, and the degree of asymmetry 487 is higher. Simulated tropical cyclones were also detectable in the second and third datasets.
488
For both datasets, the data could be classified into the two groups similar to those for the 489 first dataset, indicating that the scheme has the ability to categorize simulated vortices into 490 tropical and extratropical cyclones.
491
The categorized data reflects the characteristics of the detected tropical and extratropical 
497
The skillful detection of tropical cyclones using the developed scheme is supported 498 indirectly by a cluster analysis. The result obtained from the cluster analysis was nearly 499 equal to results obtained from the method used in the presented scheme. That is, the 500 simulated data were categorized into two groups; tropical and extratropical cyclones. It was 501 also found that the threshold for dividing the two groups does not vary significantly with the 502 horizontal resolution.
503
The detection scheme developed in this study is only weakly dependent on the horizontal 504 resolution of a dataset. This weak dependence is attributed to one parameter in the 505 two-dimensional scatter diagram. This parameter is the tangential asymmetry of the layer 506 thickness between 500 and 300 hPa at the outer radii that is not strongly influenced by 507 horizontal resolution. As for the other parameter, the radial gradient of the thickness, it was 508 found that using the quantity over the outer radii instead of near the vortex center has the 509 potential for developing a resolution independent detection method.
510
Several issues relevant to the performance of the tropical cyclone detection scheme 
